Conventionally, agricultural technologies associated with the Asian Green Revolution (GR) have been regarded as a resource-demanding type of technologies which achieve higher crop yields by intensive use of inputs including water, but are therefore sensitive to harsh agro-ecological conditions such as droughts. This study uniquely explores the changes over time in the impacts of climatic conditions and irrigation on cereal crop yields in India during the 31-year period from 1972 to 2002. A district-level panel data set is assembled from several sources, and the yield equations for five major crops (wheat, rice, maize, sorghum, pearl millet) are estimated by combining two-way fixed effect and sample selection models. It is found that climate dependence of crop yields decreased over time, particularly at the later stage of the GR, indicating that GR technologies for these cereal crops have mitigated, rather than aggravated, the adverse effects of climatic conditions on crop yields. Moreover, it is also found that the adoption of irrigation leads not only to directly enhancing crop yields but also to alleviating the negative influences of temperature and rainfall. The results suggest that recent agricultural technologies developed in Asia can be conducive to overcoming harsh production environments in less-favored regions of the world, if proper institutions are in place.
Introduction
Agricultural productivity growth is undoubtedly a crucial factor for reducing rural poverty and achieving food security in low-income countries (World Bank, 2008) . Although the notion of the role of agriculture has changed over time, the dominant paradigm since the 1970s has seen agriculture as an "engine of growth" in the early stages of economic development because of its high share of economic activities and its strong growth linkages with the rest of the economy, including the rural nonfarm sector. For instance, econometric analysis over the recent two decades for 42 developing countries shows that a 1 percent growth in agricultural GDP increases the incomes of the poorest deciles in the expenditure distribution by more than 2.5 percent. Among the poor with slightly higher income, the effect of agricultural growth on poverty reduction is found to decrease but to remain superior to that of non-farm activities (Christiaensen & Demery, 2012) . Byerlee, Diao and Jackson (2005) also review case studies on twelve developing countries around the world, and confirm the contribution of the agricultural sector to pro-poor growth.
In Asia, growth in agricultural production has consistently outpaced population growth (Otsuka & Kalirajan, 2006) , which is in sharp contrast with the stagnant growth in Africa. The success in Asia is not only because population growth has been somewhat slower, but much more importantly because the technological innovation represented by the adoption and diffusion of improved crop varieties and complementary production practices spurred agricultural yields in Asia, which has led to significant reductions in rural poverty as well as the growth of nonfarm sectors (Otsuka, Estudillo, & Sawada, 2009; Lipton, 2007; Otsuka & Yamano, 2005) . The adoption rate for improved crop varieties reached about 70 percent of wheat and rice fields in Asian developing countries by 1990. Moreover, as international agricultural research centers that are designed to work on other crops were established, improved varieties of other major food crops were subsequently developed and disseminated. These technological changes more than doubled cereal production in Asia by the late 1980s while the population increased by 60 percent (Lipton & Longhurst, 1989) . As a consequence, instead of widespread famine, caloric intake per capita increased by nearly 30 percent, and wheat and rice became cheaper (Rosegrant & Hazell, 2000) . This agricultural innovation in Asia is termed the Green Revolution (hereinafter called GR). A critically important point is that the doubling of cereal production in Asia has been attained with only a 4 percent increase in crop area, which was a dramatic departure from historical trends (Hazell, 2001 ).
In Africa, one of the major hindrances is considered to be its harsh climatic conditions, since climate typically represented by temperature and rainfall has a direct impact on agricultural production. (Note 1) A bunch of empirical studies have found the significant effects of climatic conditions, particularly the positive impact of precipitation (Deschênes & Greenstone, 2007; Seo & Mendelsohn, 2007; Schlenker & Roberts, 2006; Auffhammer, Ramanathan, & Vincent, 2006; Olesen & Bindi, 2002; Sanghi, Mendelsohn, & Dinar, 1998; Bruce, Yi, & Haites, 1996; Reilly et al., 1996; Adams et al., 1995) . Low levels of inputs (water from rainfall and irrigation, and fertilizer) can seriously undermine the performance of high-yielding varieties that typically rely on high-input production environments (Cavatassi, Lipper, & Barloch, 2011; Farmer, 1979) .
While it has conventionally been recognized that Asian GR technology is sensitive to agro-climates and its adoption generally results in aggravating the adverse effect of droughts and other harsh climatic conditions on crop yields, some descriptive studies argue that the adverse effects of unfavorable production environments could be lessened by relatively new technological changes. For instance, Byerlee (1996) points out that in India, although modern varieties (MVs) of cereal crops were introduced primarily in irrigated areas in the early stage of the GR, the technology adoption rate in non-irrigated areas started to rise in the later stage as technology continued to improve so that it could better adapt to unfavorable conditions. Similarly, Fan and Hazell (1999) found for rural India that the rain-fed areas, including many less-favored areas, exhibited higher agricultural growth for an additional unit of public investment than did irrigated areas, in the later stage of the GR. If, as these descriptive studies suggest, the adoption of recent MVs leads to a reduction in the climate dependence of crop yields, then that would result in a positive factor for yield growth in semi-arid and other unfavorable agricultural production environments. However, concrete empirical evidence has been scanty to support this argument.
In this context, this paper aims to provide a solid evidence as to whether and to what extent the influence of climatic conditions on cereal crop yields has been augmented or alleviated, if any, by GR technology, irrigation, and other factors changing over time during the GR period from the early 1970s to the early 2000s, using a district-level thirty-one-year panel dataset, which has been constructed from various sources. Investigating India's experience is also useful to draw lessons for SSA, because there are similarities in agricultural production environment between India and SSA, such as the cropping patterns, diverse agro-climate, differing poverty incidence, and the dominance of peasants. To our knowledge, studies on the dynamic changes in agro-climate effects on crop yields are scarce, even though there are a number of studies exploring the static effects of climate and climate change on crop yields.
The rest of this paper is organized as follows: section two provides an overview of the historical performance and current state of cereal production in India with an outline of our hypotheses. Section three describes our data sources and database construction, followed by the introduction of econometric models. The regression results are carefully examined in section four, while section five analyzes the early GR period during which the MV adoption rate was highly correlated with irrigation diffusion rate. Lastly, section six presents concluding remarks.
An Overview of Cereal Crop Production in India

Investment Trend
By the time the GR began taking place in the late 1960s, gravity irrigation was available in some parts of India, and road conditions had been considerably improved, which had set the stage for the adoption of GR technologies (Rosegrant & Hazell, 2000; Bhalla & Singh, 2001) . Then, further massive investments were made in rural areas during the GR period, when MVs were diffused and, subsequently, small-scale irrigation schemes with pumps and tubewells were introduced. Public investments in rural areas grew at a rate of about 13 percent annually during the 1970s and increased fivefold by the end of the 1980s, which led to phenomenal rural poverty reduction in India (Fan, Hazell, & Thorat, 2000; Fujita, 2010) . The steady growth in irrigation investments resulted in a nearly twofold increase in the area under irrigation by the 1990s (Johnson, Hazell, & Gulati, 2003) . Figure 1 compares the average cereal yields between India and SSA, as well as Southeast Asia. The most important finding is that despite the more favorable production environments, cereal crop yield in India was not significantly superior to that in SSA up to the early 1980s. As can be seen, however, the yields in the two regions started to diverge in the mid-1980s and today the gap is approximately two-fold. These observations indicate that before the GR, i.e., without modern technology, the productivity of cereal crops was not significantly different between the two regions. Nonetheless, since climate has changed only a little, it is obvious that the yield divergence occurred primarily due to the adoption of modern technology in Asia.
Cereal Yields
India's crop-wise yield growth is shown in Figure 2 . It is noticeable that the yields of rice, wheat and maize have soared dramatically over the last several decades. Although less dramatic, the yields of sorghum and millet have almost doubled, which is consistent with the finding by Pray and Nagarajan (2010) , who argue that the production technologies for these crops, including modern varieties, have improved significantly. Nonetheless, the absolute yields for sorghum and millet in India (shown in Figure 2) are not superior to those in SSA (shown in, e.g., Tsusaka & Otsuka, 2013a) , indicating that there would be limited transferability of technology for these two crops from Asia to SSA, as India is almost the only Asian country that produces these crops. Figure 3 shows how cropping patterns have been evolving in India. It is observed that farmers in India have been increasing the area planted to rice, wheat, and maize, whose yields have been rising. Since the total harvested area has remained largely unchanged, it seems clear that farmers have been replacing sorghum and millet with these three crops. Thus, India has been feeding its increasing population not only by raising the yield of various crops but also by switching crops from low performing crops (sorghum and millet) to high performing crops (rice, wheat, and maize) (Note 2). 1965 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 
Changes in Cropping Patterns
Irrigation Expansion
The availability of irrigation is considered to be crucial for crop yield performance (see, e.g., David & Otsuka, 1994) . According to Figure 4 , the proportion of irrigated area for wheat is considerably high, which is consistent with the study by Singh and Jain (2000) . Irrigation coverage for rice fields has been rising, while it has been more or less constant at low levels for maize, sorghum, and millet. The impacts of irrigation on crop productivity are likely to be higher for wheat and rice than for other cereals.
Gravity irrigation, which is constructed by the public sector, was the most popular form of irrigation (Ostrom, 1990) particularly in the early stage of the GR. In the later stage, tubewell and pump irrigation, which can be installed by farmers, became increasingly common. Figure 4 shows, however, that the increment in irrigation coverage, which is supposedly provided by tubewell, is small relative to the original level which mostly consists of gravity type. Although Figure 4 does not distinguish the types of irrigation, it seems evident that gravity irrigation continuously played an important role in India throughout the GR period (Note 3).
A question may arise as to whether the marginal effects of irrigation on crop yields have been changing over time along with the adoption of improved crop varieties as well as other farming technologies. If the new technologies are less dependent on a stable supply of water, the effect of irrigation may decline. On the other hand, it may increase if intensification of wheat and rice farming systems requires more intensive use of irrigation water. It would also be of interest to investigate how the effect of irrigation interacts with the effects of temperature and rainfall on crop yields, for which Tables 2a and 2b suggest a substitution relationship between irrigation and rainfall. 1961 1963 1965 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 Million Figure 5 shows the changes in MV adoption rate by crop. What seems striking is that the adoption rates of MVs have been increasing rapidly, even for sorghum and millet toward 2000, which confirms the report by Pray and Nagarajan (2010) . As is emphasized by Estudillo and Otsuka (2011) , the quality of MVs has also improved over time. The data in Figure 5 , however, do not distinguish quality. Also unclear is the impact of MVs of sorghum and millet on their yields, as this has seldom been reported in the economic literature (Note 4).
Modern Variety Adoption
A potentially important trait of MVs is their shortened growth duration (Cavatassi, Lipper, & Barloch, 2011; Khush, 2001; Hossain & Fischer, 1995; Lawn, 1989) , allowing cereal crops to mature in a shorter period during which rainfall is somewhat assured. For example, the latest rice MVs mature in 105 to 110 days, which is considerably shorter than the growth duration of 160 to 170 days of traditional rice varieties (TVs) in Asia (Khush, 2001) . If so, it seems reasonable to hypothesize that the adoption of MVs lessens the impact of precipitation on rice yields. However, the problem is that our data set contains only India's national and state-level MV adoption rates by crop, not at the district level. In the absence of proper data for district-level MV adoption, we are unable to perform a direct analysis of the impact of MV adoption directly on crop yields and indirectly through climate effects. Even so, fairly strong supportive results are presented in this study. b. High referes to coverage of more than 50 percent and Low refers to coverage of less than 50 percent.
Environment and Crop Choice
c. In India, wheat is cultivated primarily in the rabi season when temperature and rainfall are lower than in the other seasons. Thus, note that the presented annual climate overstates the actual wheat-growing environment. The discussion applies, in particular, to rainfall because most of the rainfall is observed in the summer monsoon season whereas temperature is ralatively stable across seasons.
Source: Authors' calculation with India Water Portal's data and Center for Monitoring Indian Economy's database. Table 2a shows the five-year averages of temperature, rainfall, irrigation coverage rate, and crop yields, over the districts where each crop is grown, for the years 1998 to 2002. Temperature in crop-producing districts is largely the same across crops, though it is slightly higher for sorghum and millet. Rainfall varies and it is notably higher in rice-growing districts, suggesting that rainfall plays an important role in rice cultivation. Judging from the low rainfall and irrigation coverage, it is understood that sorghum and millet have comparative advantages in drier environments. The lower section of each box in the table shows statistics calculated for two groups: high and low in irrigation ratio, where for convenience high refers to above 50% and low refers to below 50% of the total sown area for each crop. There are two major observations. First, in the regions with high irrigation coverage, rainfall is lower, and vice versa, for all five major crops, which is not of much surprise if irrigation is designed to help compensate for inadequate rainfall. Second, even in the regions with lower rainfall, the availability of irrigation results in higher yields than in the regions with higher rainfall, particularly for wheat and rice, followed by maize and millet, but not for sorghum. These observations are mostly consistent with the differences in irrigation coverage among the five crops shown in Figure 4 . Table 2b demonstrates the same statistics as in Table 2a but for the early 1970s, which corresponds to the early stage of the GR in India. We can ignore regions with high irrigation coverage for sorghum and millet, as there were only a few such districts at that time. Again, irrigation coverage and crop yields are positively linked, but not as clearly as in the early 2000s. These observations are suggestive of the increasingly decisive role if irrigation in enhancing crop yields in low-rainfall environments. Thus, the comparison of Tables 2a and 2b suggests a hypothesis that the impact of irrigation on crop yields has increased over time with the adoption of GR technologies. 
Database Construction and Empirical Methodology
Data Source
One unique aspect of this research is to quantify the changes over time in the effects of various factors on yields by crop and, in particular, the climate effects, using district-level panel data. The data set covers 270 main districts and many small others over a period of 31 years from 1972 to 2002. The important variables are crop yields, i.e., the quantity of agricultural output divided by the respective planted areas for five major crops (wheat, rice, maize, sorghum, and millet), climatic conditions represented by temperature and rainfall, irrigation coverage ratio by crop, and district specific characteristics (population density and literacy rate). The database is composed of several different sources, both public and private. Data on agricultural outputs, land, and rainfall are purchased from the CMIE (Center for Monitoring Indian Economy Limited). 
Selection Equation for Each Crop
Once the database is constructed, the next step is to assess the changing effects of climatic conditions (as represented by temperature and rainfall) and irrigation on crop yields. The effects of other factors such as population density and literacy rate are also considered.
First, it may be necessary to address possible sample selection bias since each crop is grown in many districts but not in all. Therefore, the estimation procedure consists of two steps. (Note 8) The first step employs probit regressions to estimate the selection equation for each crop, from which the inverse Mills ratio is calculated (Heckman, 1797) . (Note 9) The set of explanatory variables includes short-term normal climate represented by three-year moving averages of rainfall and temperature over the preceding years. (Note 10) The selection equation can be specified as follows: popden is the population density (Note 12), and ε ijt is the normally distributed error term. Finally, the inverse Mills ratio is calculated from the result of this estimation to be included in the outcome equation.
Yield Equations: Two-Way Fixed Effect Model
The second step is to assess the changing effects of climatic factors on cereal crop yields, for which the basic estimation model can be specified as follows: t ) are included to examine whether there have been changes over time in the impacts of those explanatory variables due to changes in technology and other factors, e.g., the introduction of short-maturity and drought-tolerant MVs. The index m indicates up to what order the climate variables are to be included in the equation. In the subsequent analysis, m is either 1 or 2, which correspond to a linear model and a nonlinear model, respectively. The time trend (t) and its squared term ( control for the yearly change in yield that is not explained by the explanatory variables and the time trend variables, e.g., aggregate macroeconomic and climatic shocks. To check for robustness, we also tried performing regressions (a) without the year dummies but with the time trend, and (b) without the time trend but with the year dummies. The estimated coefficients of the explanatory variables remain largely unchanged in both (a) and (b), indicating that the year dummies mostly capture the random shocks.
In some cases, Heckman's  is estimated to be insignificant (i.e., p > 0.10), partly because the district fixed (or random) effect model can mitigate, if not solve, the sample selection bias. The Hausman test is conducted to compare the fixed effect and random effect estimations (Hausman, 1978) . Whenever the GLS random effect estimators are diagnosed as inconsistent (i.e., p < 0.10), the fixed effect estimation results are presented (Note 16).
To see the elasticities, the logarithm of the variables are taken whenever applicable, the exceptions being the ratio variables (i.e., irrigation coverage ratio and literacy rate), the time trend variables, the interval-scale variable (temperature in Celsius), and the dummy variables (Stevens, 1946; Rozeboom, 1966) .
Model Specifications
How crop yield responds to climate variables needs to be considered. The simplest model is m = 1, which is expected to capture the linear effects of climate variables. The benefit of this model is that it is easy to observe whether the impacts of climate variables are positive or negative, as well as their changes over time in the presence of the interaction terms with the time trend variables (t and t 2 ). However, assuming that there is a yield-maximizing value of climate input, it may be appropriate to include quadratic terms with respect to those climate variables (i.e., m = 2), so as to capture the non-linear yield curves. To check the robustness, regressions with m = 1 are also performed and the two models are compared.
Analytical Framework for Identifying the Changing Impacts
Once the estimators of the coefficients are found, crop yield is predicted by
Where others includes all the terms independent of the variable jt C . Hence, for m = 1 and 2 respectively, the predicted marginal effect of jt C on yield is expressed as follows:
Taking the average over j (districts), the average marginal effect of t C is given by
And
for each t. By these formulae, the marginal effect of Ct or a given explanatory variable on the yield of crop i is predicted for each t, and thus, the changing impacts of climate variables can be examined by altering t from 0 to 30. Also, the overall average of the marginal effect of C is given for the respective m by
Avg ME t (3) Table 3a presents the estimation results of the yield equations for wheat and rice, Table 3b presents the results  for maize, and Table 3c shows those for sorghum and millet. To keep the tables succinct, the estimated coefficients on the year dummy variables are not presented. By the Hausman test, the GLS random effect estimators are diagnosed as inconsistent in all cases except for the case m = 1 with maize. Therefore, the fixed effect is adopted in the estimation of the yield equations of all other cases. In the case of m = 1 with maize, both fixed and random effect estimation results are presented since the diagnosis of the Hausman test is somewhat Vol. 6, No. 4; 2013 ambiguous (p = 0.06). Sample selection bias is diagnosed as statistically significant in the case of rice and maize, and is duly treated, shown by the coefficients on the inverse Mills ratios. In the Results section, summarize the collected data and the analysis performed on those data relevant to the discourse that.
Regression Results for Yield Functions
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Wheat
According to the case with m = 1, temperature by itself does not pose a statistically significant effect on wheat yield, whereas the independent effect of rainfall is positive and significant. Yet, computation using Equation 3 reveals that both specifications indicate that the total temperature effect, including the effects via all the interaction terms, is actually significant and negative on average during the period under study. Somewhat unexpectedly, the independent effect of irrigation on wheat yield is insignificant. This would be partly because most wheat fields are irrigated (Singh & Jain, 2000) , so that the marginal effect is not identified and partly because wheat is a dry-season crop (Fujisaka, Harrington, & Hobbs, 1994) to which irrigation provides water only occasionally. Even so, since irrigation has interactive effects with the climate variables as shown by the coefficients on the climate-irrigation interaction terms, the total effect of irrigation appears to be significant and positive at 0.07 on average during the study period (derived by Equation 3). The quantitative interpretation of this figure is such that when irrigation coverage for wheat fields increases by 10 percentage points, wheat yield rises by 0.7 percent on average, holding other variables constant.
The signs of the climate-irrigation interaction effects indicate that higher irrigation coverage leads to a positive and significant effect of higher temperature, and to a reduced dependence on rainfall. (Note 17) A 10 percentage point increase in irrigation rate reduces rainfall elasticity by 0.012, indicating that the role of rainfall can be substituted for by the presence of irrigation.
For m = 1, the coefficients on the time trend variables indicate that the impact of general technological advancement is positive on average. For m = 2, the same impact seems negative presumably because yield growth over time is sufficiently captured by the interaction between time and the quadratic climate variables.
The most remarkable result is the declining dependence of wheat yield on rainfall over time. . It is important to note that this change over time in the impact of rainfall is not inclusive of the influence of the availability of irrigation, since that influence is controlled for by the rainfall-irrigation interaction term. The result thus clearly supports our hypothesis that the rainfall effect is lessened, not augmented, by technological changes over time.
The population density elasticity of wheat yield is 0.11 (m = 1) or 0.12 (m = 2) on average through the study period, which could be supportive of the induced innovation hypothesis.
Rice
Rice is known as a crop that grows well with adequate heat and water, which is confirmed by the positive and significant total effects of temperature, rainfall, and irrigation on average during the study period (predicted by Equation 3), being 0.045 (m = 1), 0.162 (m = 1) or 0.164 (m = 2), and 2.010 (m = 2), respectively. In other words, a one degree rise in temperature leads to a 4.5 percent increase in yield; the rainfall elasticity of yield is about 0.16; and a one percentage point increase in irrigation coverage leads to improving yield by 2.0 percent, holding other variables constant. In contrast to wheat, the independent effect of irrigation on rice yield is also positive and significant in both specifications.
The computation of the changing effects of the climate variables using Equation 1 and Equation 2 indicates that the dependence of rice yield on climate is alleviated over time. For m = 1, the temperature effect is predicted as 0.086 in 1972, which decreases over time and becomes 0.032 in 2002. The predicted rainfall elasticity is 0.51 (m = 1) or 0.42 (m = 2) in 1972, which diminishes over time and approaches zero in the mid 1990s in both specifications. These results support our hypothesis that rice yield has been affected less by climatic conditions over time, probably due to the adoption of improved rice varieties. Again, these changes over time in the impact of climatic variables are net of the influence of irrigation diffusion, since that influence is controlled for by the climate-irrigation interaction terms. Therefore, the critically important finding here is that the dependence of rice yield on climatic conditions is mitigated over time regardless of the availability of irrigation, which can hardly be understood without considering the impact of the adoption of MVs with shorter maturity and other drought-tolerance traits. Also, the negative coefficients on the rainfall-irrigation and the temperature-irrigation interaction terms indicate that irrigation can reduce the impact of climate, to some extent. n/a 0.0000 0.0000 ***, **, and * indicate 1 percent, 5 percent, and 10 percent statistical significance levels, respectively.
Standard errors are in the parentheses.
Note that the logarithm of temperature is mathematically inappropriate unless it is a Kelvin measure. See also section 3.3.
Another highly interesting point is that the predicted total irrigation effect, including the interactive effect with climate, increases in the early phase, from 1.96 (percent per percentage point) in 1972 to 2.06 in 1985, but then decreases in the late phase and becomes 1.89 in 2002, according to the specification m = 2. For m = 1 also, the predicted irrigation effect hits its peak in 1985. These results clearly suggest that early generations of rice technology require more irrigation than do recent ones, which is consistent with the descriptive analysis of MV adoption by Janaiah, Hossain and Otsuka (2006) and Byerlee (1996) . Also, it is confirmed that irrigation works to reduce the impact of temperature and rainfall. A 10 percentage point increase in irrigation rate reduces rainfall elasticity by 0.015.
The induced innovation hypothesis may be supported, to a greater degree than for wheat, by the significant and positive population density elasticity ranging from 0.13 to 0.15. The coefficient on the time trend variable indicates that the impact of general technological advancement seems positive and significant throughout the study period, though the magnitude varies by specification.
Maize
According to the estimation case m = 1 (see Table 3b ), the total temperature effect was negative and significant at the beginning of the study period in both fixed effect (FE) and random effect (RE) specifications, where a one degree rise in temperature resulted in a three to five percent drop in maize yield. However, it turns out from Equation 1 to Equation 3 that, on average and for most of the study period, the temperature effect on maize yield was positive and significant. Moreover, this positive marginal effect augments over time at first, hitting 0.033 (FE) or 0.049 (RE) in 1992, and then declines over time, becoming 0.014 (FE) or 0.028 (RE) in 2002. These results suggest that although the early generations of maize MVs are increasingly dependent on temperature, the dependence is mitigated after 1992 with the diffusion of the newer generations of MVs, which is consistent with the report by Gollin (2006) .
The unique result for maize may be the total rainfall effect being much less significant than for the other crops, with an average elasticity of 0.101 (in RE for m = 1), which does not evolve over time. The effects of irrigation and its interactions with the time trend variables are all statistically insignificant. Also, the substitution relationship between rainfall and irrigation is weak. This absence of both rainfall effects and irrigation effects throughout the study period indicates that maize, whether TVs or MVs, is likely to be a drought-tolerant crop that can cope well with the lack of a stable water supply.
All three specifications similarly indicate that for a one percentage point increase in literacy rate, maize yield rises by 1.3-1.5 percent in 1972, and this marginal effect decreases over time. The population density elasticity of yield turns out to be negative at -0.23 to -0.22 in 1972, but it increases over time to become positive at 0.03 to 0.15 in 2002.
Somewhat unexpectedly, the coefficient on the time trend variable is negative, which indicates that the positive impacts of the adoption of improved maize technology are well captured, for the most part, by the changing coefficients on the explanatory variables over time.
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Sorghum
By Equation 3, a positive and significant total effect of temperature is found in both specifications, indicating that sorghum may be a heat-preferring crop (see Table 3c ). For m = 1, Equation 1 indicates that the dependence of sorghum yield on temperature decreases over time from 5.5 in 1972 to 4.7 in 2002. Also, for m = 2, Equation 2 reveals that temperature dependence decreases over time if we disregard the nearly insignificant coefficient on the temperature squared-time trend squared interaction term.
Particularly noteworthy is the decreasing marginal effect of rainfall, which again suggests the declining impacts of rainfall on crop yield. The total rainfall effect is positive and significant with the elasticity being 0.43 (m = 1) or 0.34 (m = 2) in 1972, which decreases over time and becomes 0.11 (m = 1) or 0.17 (m = 2) in 2002. Although more concrete evidence is awaited, it may be the case that a major effect of the improved traits of sorghum MVs is a reduction in downward yield risk associated with drought (Note 18).
The total impact of irrigation is 0.55 (m = 1) or 1.14 (m = 2) in 1972, which seems to decrease over time and becomes 0.36 (m = 1) or 0.96 (m = 2) in 2002. The positive and significant impact of irrigation on sorghum yield is not surprising, as it is in line with the findings by Janaiah et al. (2005) on the complementary irrigation effect with MVs on the yields of course cereals (maize, sorghum, and millet) in India. After all, as for sorghum, the impacts of temperature, rainfall and irrigation have all declined or even disappeared over the course of time. In addition, irrigation seems to have a substitution effect for climate variables, which is shown by the negative and significant coefficients on the interaction terms, indicating that when irrigation availability increases, the impact of temperature and rainfall on sorghum yield decreases.
Similar to wheat and rice, the induced innovation hypothesis seems to apply to sorghum farming throughout the study period, which is shown by the population density elasticity being 0.15 (m = 1) or 0.11 (m = 2; at 14 percent significance level).
Millet
By Equation 1 The difference from the case of sorghum is that it is not clear whether this rainfall effect exhibits a decrease over time, since the results from the two specifications are not robust.
Although the independent effect of irrigation appears positive and significant, the total irrigation effect, including the effect through the interaction with temperature, is unclear as the two specifications (m = 1 and 2) indicate negative and positive effects, respectively (Note 20).
As with sorghum, irrigation seems to have a substitution effect for temperature, which is shown by the negative and significant coefficient on the interaction term in both specifications, indicating that when irrigation availability increases, the dependence of millet yield on temperature decreases. Lastly, the predicted population density elasticity is insignificant in 1972 but increases over time, becoming 0.084 (m = 1) or 0.075 (m = 2) in 2002.
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Is It Really Technology That Mattered?
Introduction of the Issue
The results from section 4 strongly indicate that the impact of climatic factors on crop yields have declined over time for all five crops in one way or another, even after the contribution of irrigation effects is controlled for. Although it seems reasonable to assume that technological progress represented by the adoption of high-yielding MVs and other improved production practices has contributed to these changes over time, it is not directly proven by the regression analyses since the time trend variables could reflect the effects of a variety of other factors. The difficulty is that the data for technology variables, such as MV adoption rate, are unavailable at the district level. Moreover, even if those variables were available, their use might suffer from a problem of endogeneity bias, which would not be easy to correct for, given the absence of suitable instruments. Even so, Figure 5 is highly suggestive of the monotonically positive correlation between the time trend and MV adoption rates for the differing crops, supporting our use of the time trend variable as an indicator of technology diffusion.
One attempt to obtain more direct evidence of the impact of technology is to use irrigation as a proxy for the compound effects of irrigation and MVs in the early years of the GR, because MVs were adopted primarily in irrigated areas in the early phase of the GR. Thus, for validation, we propose to investigate the relationship between the MV adoption rate and the irrigation rate using state-level data. Figure 6 shows the changes over time in correlation coefficient between the state-level MV adoption rate and the state-level irrigation rate by crop. In the early GR period (1974 to 1988) , the correlation coefficients are high for wheat, rice, and maize at 0.76, 0.79, and 0.62 respectively, while they are only 0.38, 0.35, and 0.46 in the subsequent period (1989 to 2002) . In fact, such a trend is consistent with the preceding studies by Janaiah et al. (2006) , Gollin (2006) , and Byerlee (1996) , all of which point out that the MVs released in the earlier period were high-yielding only under favorable production environments, whereas subsequent generations of MVs possess traits suitable for a variety of agro-climates. Given these changing correlation coefficients, we attempt to find out the impact of technology on the climate effects by regarding the district-level irrigation variable as a district-level technology indicator, which is expected to capture the compound effects of irrigation and MV technology only in the early stage of the GR for wheat, rice, and maize. Tables 4a and 4b show the estimation results for the yield functions of wheat, rice, and maize for the early stage of the GR, i.e., 1974 to 1988, using irrigation as the proxy variable. In contrast to the specification of yield equations for the whole period, the squared term of the time trend variable may be dispensed with, because the period is now shortened by a half and, hence, it should be reasonable to assume a linear effect of the time trend.
Estimation with the Proxy
Judging from the negative and highly significant effect of the rainfall-irrigation interaction term for rice in both specifications, the dependence of rice yield on rainfall is likely to be lower in districts with higher MV adoption rates. Also, for wheat, the coefficients on the temperature-irrigation interaction term suggest a declining impact of temperature due to the adoption of wheat MVs combined with irrigation. When the adoption rate of the MV-irrigation technology package increases by 10 percentage points, the temperature effect on wheat yield decreases by 0.005 (percentage points per centigrade) and the rainfall elasticity of rice yield decreases by 0.04.
The interaction terms with the time trend variable show that the temperature effect on wheat and rice yields, the rainfall effect on wheat yield, and the temperature effect on maize yield decline over time, indicating that some technological progress that is not simply captured by MV adoption rate and irrigation rate contributes to the reduction in the climate dependence of crop yields.
In any case, based on the assumption that the irrigation coverage variable acts as a proxy variable representing the adoption rate of MVs of wheat, rice, and maize as far as the earlier stage of the GR is concerned, these results suggest that technological progress that took place in conjunction with irrigation availability led to a reduced dependence of wheat yield on temperature and of rice yield on rainfall, whereas management practices and other factors unrelated to MV technology also seem to have contributed to a reduction in the climate effects on wheat, rice, and maize yields. Therefore, although the early stage GR technology is commonly considered as resource-using compared with the later-stage technology, it is suggested that even the technological changes in the early-stage GR can help mitigate the impact of climatic conditions on crop yields within the existing range of temperature and rainfall. 
Concluding Remarks
Although it is well-known that the GR enormously contributed to the growth in crop yields in Asia, it is much less known whether it mitigated or augmented the impacts of agro-climatic conditions on crop yields. This study attempted to provide evidence on the changing impacts of temperature, rainfall, and irrigation on cereal crop yields in India through econometric analyses employing a district-level panel data set that covers the recent three decades.
First, it is revealed that the dependence of crop yields on climatic conditions changes over time in many cases. Particularly in recent years, climate dependence decreases, indicating that the adoption of relatively new technologies contributed to mitigating, rather than aggravating, the adverse effects of unfavorable climatic conditions on crop yields in India. As for rice, sorghum, and millet, the predicted temperature effect decreases www.ccsenet.org/jsd Journal of Sustainable Development Vol. 6, No. 4; 2013 throughout the period, whereas as for maize it increases until 1992 and then decreases thereafter. The dependence of crop yields on rainfall also decreases over time, for wheat, rice, and sorghum. These results suggest that crop yields have been affected less by climatic conditions over time, even after taking into account the influence of irrigation diffusion. Therefore, the results support our hypothesis that the improved traits of relatively recent MVs have contributed to alleviating, not aggravating, the influence of climatic conditions, which is in sharp contrast to the commonly accepted wisdom that MVs, particularly in the early stage of the GR, were typically resource-demanding technologies and were higher-yielding only under favorable production environments. (Note 22) A possible mechanism is that varieties with short maturities can grow up in a shortened period during which rainfall is assured. It is also important to point out that improved drought tolerance contributes to reducing downward yield risk, which leads to a decrease in the marginal effect in the low range of rainfall. Moreover, the result for the temperature effect on maize yield indicates that early generations of maize MVs tend to aggravate the adverse effect of low temperature, whereas subsequent generations are more suitable to unfavorable conditions. Furthermore, on top of these changes over time, the extended analysis using the proxy variable for MV adoption rate confirmed that when the adoption rate of the MV-irrigation technology package increases by 10 percentage points, the temperature effect on wheat yield decreases by 0.005 (percentage points per degree), and the rainfall elasticity of rice yield decreases by 0.04. Comparison with the effect of irrigation that is unpackaged with MV indicates that the contribution of MV itself was also significant.
Second, as would be expected, irrigation plays a considerably important role in achieving higher yields of wheat, rice, and sorghum in India. In analogy with the temperature effect on maize yield, the irrigation effect on rice yield exhibits an inverted U-like change over time, indicating that the older MVs of rice require more irrigation water than the TVs, while the newer MVs of rice require less irrigation water than the older MVs. This resource saving nature of recent rice MV technology deserves due attention as such a trait would promote the diffusion of modern rice technology in regions under less favorable climatic conditions. Further, it is important to recognize that irrigation contributes not only to increasing yields directly but also to mitigating the impacts of temperature and rainfall on crop yields in many cases. In the case of temperature, this applies to all five crops studied. The substitution relationship between rainfall and irrigation holds for wheat and rice, indicating that, for these two crops, irrigation can substitute for the role of rainfall.
Third, continued population pressure is likely to have increased the relative profitability of land-saving and yield-enhancing innovations and technologies along the lines of the induced innovation hypothesis proposed by Hayami and Ruttan (1985) .
Lastly, with regard to technology transfer, Otsuka and Larson (2013) indicate transferability of some improved technologies from Asia to SSA. Moreover, biotechnology may offer considerable potential for improving the traits of recent MVs (Johnson et al., 2003; Ervin, 1999; US Congress, 1993) . Since maize is the most widely cultivated crop in SSA, the productivity of maize farming must be enhanced. The advantage of maize is that its yield is not adversely affected by the unavailability of irrigation, meaning that maize has a comparative advantage in rain-fed farming systems. Yet, it must be recognized that, unlike rice, the maize varieties developed in Asia are not directly transferable to SSA. Sorghum and millet do not appear to be attractive crops in terms of technology transfer, given the absence of the yield difference between Asia and SSA even today, despite the much more favorable conditions of climate, infrastructure, markets, education, and governance in Asia. Therefore, new appropriate technologies for sorghum and millet must be developed rather than relying on technology transfer, in order to realize a GR for these crops.
